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Abstract

The variation in the Indian Ocean is investigated using Hadley center sea surface temperature (SST) data
during the period 1958-2010. All the first empirical orthogonal function (EOF) modes of the SST anomalies
(SSTA) in different domains represent the basin-wide warming and are closely related to the Pacific El Nifio—
Southern Oscillation (ENSO) phenomenon. Further examination suggests that the impact of ENSO on the
tropical Indian Ocean is stronger than that on the southern Indian Ocean. The second EOF modes in dif-
ferent domains show different features. It shows a clear east-west SSTA dipole pattern in the tropical Indian
Ocean (Indian Ocean dipole, IOD), and a southwest-northeast SSTA dipole in the southern Indian Ocean
(Indian Ocean subtropical dipole, IOSD). It is further revealed that the IOSD is also the main structure of the
second EOF mode on the whole basin-scale, in which the IOD pattern does not appear. A correlation anal-
ysis indicates that an IOSD event observed during the austral summer is highly correlated to the IOD event
peaking about 9 months later. One of the possible physical mechanisms underlying this highly significant
statistical relationship is proposed. The IOSD and the IOD can occur in sequence with the help of the Mas-
carene high. The SSTA in the southwestern Indian Ocean persists for several seasons after the mature phase
of the IOSD event, likely due to the positive wind-evaporation-SST feedback mechanism. The Mascarene
high will be weakened or intensified by this SSTA, which can affect the atmosphere in the tropical region by
teleconnection. The pressure gradient between the Mascarene high and the monsoon trough in the tropical
Indian Ocean increases (decreases). Hence, an anticyclone (cyclone) circulation appears over the Arabian
Sea-India continent. The easterly or westerly anomalies appear in the equatorial Indian Ocean, inducing
the onset stage of the IOD. This study shows that the SSTA associated with the IOSD can lead to the onset of
10D with the aid of atmosphere circulation and also explains why some IOD events in the tropical tend to
be followed by IOSD in the southern Indian Ocean.
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1 Introduction

The Indian Ocean is the smallest of all oceans. It has been
previously considered as a passive element in the tropical sys-
tem, essentially controlled by El Nifio through an atmospheric
bridge (Klein et al., 1999; Lau and Nath, 2000, 2003; Alexander et
al., 2002), and by the Asian summer monsoon via air-sea fluxes
associated with the monsoon flow (Webster et al., 1998). How-
ever, in recent times, a great number of the studies have doc-
umented Indian Ocean variability as an important driving fac-
tor in the low-frequency variations of the climate, contrasting
with the classical view (e.g., Wang et al., 1999; Wang et al., 2004;
Wu et al., 2009, 2011; Zhou et al., 2009; Wu et al., 2010; Sub-
rahmanyam and Wang, 2011). In particular, air-sea interactions
in the tropical Indian Ocean have been extensively explored af-
ter Saji et al. (1999) proposing the concept of the tropical In-
dian Ocean dipole (I0OD), which is characterized by opposite
signs of sea surface temperature anomalies (SSTA) in the west-

ern tropical Indian Ocean and that in the eastern tropical Indian
Ocean. It is strongly connected with the precipitation anoma-
lies in the eastern Africa and Indonesia. Among the various is-
sues, the mechanism of IOD occurrence is the most important.
Several mechanisms have been proposed to explain the forma-
tion of IOD.

First, one important mechanism that plays a fundamental
role in the formation of IOD is the Bjerknes feedback (Bjerknes,
1969), which is induced by an equatorial easterly wind (e.g., Saji
et al,, 1999; Li et al., 2003; Fischer et al., 2005). Second, a wind-
evaporation-SST feedback in the southeastern tropical Indian
Ocean is considered as another air-sea coupled process that
favours the growth of IOD (Hilary et al., 2005). The southeast-
erly wind along Sumatra can lead to the ocean-to-atmosphere
latent heat flux by increasing the evaporation on the one hand
(Baquero-Bernal et al., 2002; Li et al., 2003), and inducing the
upwelling on the other hand. As a result, the SST cools down
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there. Third, some previous studies also show that Rossby and
Kelvin wave propagation is an important oceanic dynamic pro-
cess during the 10D event (e.g., Webster et al., 1999; Rao et al.,
2002; Xie et al., 2002; Feng and Meyers, 2003). In addition, as
a key element connecting the Pacific and Indian Oceans in the
tropics, the Indonesian throughflow (ITF) is a critical part of the
“global conveyor belt” (Gordon, 1986; Liu et al., 2005; Liu et al.,
2010; Liu et al., 2012). Its variation has also been proposed as
a forcing factor of the IOD event. Since the weakening of it re-
sults in the cooling of SSTA in the southeastern tropical Indian
Ocean, it becomes a trigger of IOD (e.g., Annamalai et al., 2003;
Cai et al., 2005). However, the details of the formation and vari-
ation of the IOD are not completely understood. Physical pro-
cesses in different IOD events are not the same.

On the study of the formation mechanism of 10D, re-
searchers have been focusing on the debate of whether the IOD
is forced by El Nifio Southern Oscillation (ENSO) or by the in-
terior Indian Ocean coupled process. Some authors argue that
10D events are triggered by the ENSO (e.g., Baquero-Bernal et
al., 2002; Hendon, 2003; Shinoda et al., 2004), in which Walk-
er circulation is the connecting bridge (e.g., Latif and Barnet-
t, 1995; Klein et al.,, 1999; Lau and Nath, 2000). It is only the
stochastic forcing of the atmosphere, not necessarily related to
the ocean dynamics (Baquero-Bernal et al., 2002). Neverthe-
less, others claim that the IOD is the manifestation of coupled
ocean-atmosphere instability inherent to the Indian Ocean-
monsoon system, which is independent of the ENSO (e.g., Saji
etal, 1999; Ashok et al., 2003; Behera et al., 2006). The propaga-
tion of Rossby and Kelvin waves, which affects the thermocline
variability, is self-maintaining in the Indian Ocean air-sea cou-
pled system (Webster et al., 1999).

Recently, more and more numerical experiment results
suggest that the IOD event can be forced by the ENSO and the
air-sea coupled variability in the interior Indian Ocean (e.g., Yu
and Lau, 2004; Fischer et al., 2005; Feng and Bai, 2010). The
study results of Fischer et al. (2005) and Zhao et al. (2009) in-
dicate that the interior variability triggering the IOD originates
from Mascarene high in the southern Indian Ocean. Hasten-
rath and Polzin (2004) also suggest that the equatorial easter-
ly/westerly wind, which plays a key role in the IOD evolution,
is highly related to the Mascarene high and monsoon wind in
the southern Indian Ocean. More recently, another SST dipole
mode in the southern Indian Ocean, an Indian Ocean sub-
tropical dipole (I0SD), with mature phase locked to the austral
summer, has also been documented by Behera and Yamagata
(2001). Such subtropical events are related to Mascarene high
(e.g., Venegas et al., 1998; Goddard and Graham, 1999; Behera
and Yamagata, 2001; Reason, 2001, 2002), which is not associ-
ated with extreme phases of the ENSO (Behera and Yamagata,
2001; Jia and Li, 2005; Terray and Dominiak, 2005). While the
tropical and subtropical SST dipoles are proposed, their rela-
tionship and associated physical processes have been much less
studied. Some authors argue that the IOSD may be another im-
portant trigger of the IOD (Fischer et al., 2005; Liu and Yu, 2006;
Terray et al., 2007). When IOSD leads IOD for about 9 months,
they are highly positive correlated (Liu and Yu, 2006). By carry-
ing out numerical experiments, Fischer et al. (2005) and Terray
et al. (2007) pointed out that the SSTA in the eastern pole of
the IOSD produced in the later austral summer may be a signif-
icant precursor of the IOD event occurring several months later.
However, in their study, only the role of SSTA in the eastern pole
of theIOSD is emphasized. Moreover, not all of SSTA in the east-

ern pole of the IOSD is completely related to the IOSD. In fact,
the role of SSTA in the western pole of the IOSD underlying the
Mascarene high is also important during the evolution of IOSD.
It should be granted more attention in considering the role of
IOSD in triggering the IOD.

In this study, we examine the force-and-responserelation-
ship between SST variations in the south Indian Ocean and the
tropical Indian Ocean associated with the two dipoles. The pri-
mary goal of this study is to further investigate the role of IOSD
in triggering the I0D event.

The rest of the paper is organized as follows. Section 2 de-
scribes data and methods. Section 3 presents the interannual
variability of the SST in the Indian Ocean by empirical orthogo-
nal function (EOF) analysis. The two dipole modes of the Indian
Ocean are described in this section. Then, in Section 4, a pos-
sible relationship between I0SD and IOD is found via lead-lag
correlation analysis. After that, in order to document the role
of the subtropical Indian Ocean SSTA in the evolution of IOD,
we will examine the atmospheric field associated with the SST
variability using the lead-lag correlation analysis. In addition,
the composite SST evolution during a nearly 1 a period associ-
ated with the I0SD event, which is followed by the IOD event,
will also be investigated. Finally, we summarize our results in
Section 5.

2 Data and methods

Monthly atmospheric circulation data for the period 1958-
2001 and 2002-2010 are obtained from the European Centre
for Medium-Range Weather Forecasts (ECMWF) 40 a reanalysis
(ERA-40) and ECMWEF interim reanalysis (ERA-Interim) prod-
ucts, respectively. The ERA-interim is the latest ECMWF global
atmospheric reanalysis of the period 1979 to present. The res-
olution of ERA-40 is 2.5° by 2.5°, whereas 1.5° by 1.5° for the
ERA-Interim. In order to construct the long time series from
1958 to 2010 by the combination of the ERA-40 and the ERA-
interim, the ERA-interim data sets are interpolated into a 2.5°
by 2.5° latitude-longitude grid. The atmosphere fields include a
sea level pressure (SLP), 850 hPa winds, 200 hPa winds, and 500
hPa vertical velocities (omega). The heat flux data from the Na-
tional Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis I is also used.
A detailed description of the data assimilation system that pro-
duces this data set is given by Kalnay et al. (1996). It is with
a spatial resolution of 2.5° by 2.5° for the period 1958-2010.
Monthly SST data from 1958 to 2010 are extracted from the UK
Met Office Hadley Centre’s sea ice and SST data sets (HadISST1).
The resolution is 1° latitude by 1° longitude. The climatology of
the above data sets are calculated for each calendar month at
each grid point by averaging the data over 1958-2010. Monthly
anomalies are defined as deviations from the mean annual cy-
cle.

In this paper, in order to appropriately describe the char-
acteristics of the IOSD and IOD mode, signals of interannu-
al variability in different regions of the Indian Ocean will be
extracted from the monthly SSTA, by carrying out the EOF anal-
ysis. In addition, the lead-lag correlation is employed to illus-
trate the potential causal relationship between two variables.
Composite analysis is a common way to present the respons-
es associated with a certain climate condition by averaging the
data over the considered periods. Therefore, the composite re-
sults of atmospheric and oceanic fields from extreme years will
be also used to examine the relationship between the IOSD and
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the IOD. The student’s ¢-test is used to assess the statistical sig-
nificance of the results obtained from statistical analyses.

3 Interannual variability of Indian Ocean SST
The purpose of this section is to analyze the variability of

the oceanic surface temperatures during the 52 a period (1958-
2010), by carrying out the EOF analyses on the SSTA field. The
product of pattern and time series gives the actual anomaly de-
scribed by the EOE The former and the latter are often called
a dominant mode and a principal component (PC), respective-
ly. Only these products have a physical meaning. Since the re-
sults of EOF analysis are sensitive to choice of the region, we
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perform the EOF analysis on the monthly SSTA over the whole
Indian Ocean Basin (60°S-25°N, 30°~120°E), the southern Indi-
an Ocean (60°-10°S, 30°-120°E) and the tropical Indian Ocean
(20°S-25°N, 30°-120°E), respectively.

3.1 The primary EOF mode
The first EOF modes in the three different regions of the
whole Indian Ocean, the tropical Indian Ocean, and the south-
ern Indian Ocean explain 28%, 45%, and 26% of the total vari-
ance, respectively. The spatial patterns are depicted in Figs 1a—
c. They are labeled WM1, TM1, SM1, respectively. Figure 1d
shows the corresponding temporal variability, represented by
WPC1, TPC1 and SPCI.
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Fig.1. The space distribution of the first EOF mode associated with SSTA for the whole Indian Ocean (WM1) (a), the tropical Indian
Ocean (TM1) (b), the southearn Indian Ocean (SM1) (c) and the corresponding expansion time series (d), with solid line denoting

TPC1, dashed line denoting SPC1, dot-dashed line denoting WPC1.

From Fig. 1, we can see that all the first EOF modes exhibit
a monopole pattern extending over the entire domain. In order
to compare the similarity between WM1, TM1 and SM1, we cal-
culate the pattern correlations between them. A pattern corre-
lation coefficient between the tropical regions in WM1 and TM1
is as high as 0.95, far exceeding 99.9% confidence level; and that
between the southern regions in WM1 and SM1 reaches 0.96.
To further examine the relations between the first modes, we
calculate the cross-correlation between the corresponding time

expansion series. Results are shown in Table 1. The correla-
tion coefficients between SPC1, TPC1 and WPCI are larger than
0.9, and that between SPC1 and TPC1 also reaches 0.74, exceed-
ing 99.9% confidence level. These spatial and temporal patterns
and the correlation results suggest that the dominant modes in
different domains of the Indian Ocean show the same charac-
teristic of a basin-wide warming.

The wavelet spectral analysis of the three PCs suggests that
the first EOF modes oscillate on mainly 25 a period of interdec-
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Table 1. Cross-correlation coefficients between the time series
of the first EOF modes of the SST variability in different regions
of the whole Indian Ocean (WIO), the southern Indian Ocean
(SI0) and the tropical Indian Ocean (TIO) over 1958-2010

WPC1 SPC1 TPC1
WPC1 1.00 0.92 0.93
SPC1 1.00 0.74
TPC1 1.00

Note: Only the values significant at 99.9% confidence level are

shown.

adal time scale and 3-7 a coinciding with the ENSO signal on
the interannual time scale. The previous studies have proved
that the basin-wide warming in the tropical Indian Ocean is re-
lated to the ENSO (e.g., Tourre and White, 1997; Chambers et al.,
1999). To explore the relationship between ENSO and the basin-
wide warming in the different regions of the Indian Ocean, we
show in Fig. 2 the lead-lag correlation coefficients between
WPC1, TPC1, SPC1 and Nifio3 index. The significant correla-
tion appears when the ENSO leads PCs, implying the influence
of the ENSO on the Indian Ocean. A remarkable feature is that
the correlation between TPC1 and Nifio3 index is much higher
than that between SPC1 and Nifio3 index. This indicates that
the impact of ENSO on the tropical Indian Ocean is stronger
than that on the southern Indian Ocean. The relatively small-
er correlation coefficients between SPC1 and Nifio3 imply that
ENSO forcing is just one of the factors that contribute to the
basin-wide mode in the southern Indian Ocean.
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Fig.2. Lead-lag correlation coefficients between TPC1,
SPC1, WPC1 and Nifno3 index. PCs lag Nifio3 index for
positive values. Dashed line denotes 95% confidence
level.

3.2 The second EOF mode
The second EOF modes in the three different regions of the

whole Indian Ocean, the tropical Indian Ocean, and the south-
ern Indian Ocean account for 11%, 10%, and 14% of total vari-
ance, respectively. The spatial patterns are depicted in Figs 3a—
c. They are labeled WM2, TM2, SM2, respectively. The corre-
sponding time series, represented by WPC2, TPC2 and SPC2,
are shown in Fig. 4.

It is interesting that the major features of all the second
EOF modes show as SSTA dipole structure. Figure 3b shows
the well known IOD pattern characterized by the SSTA of op-
posite sign in the western and eastern tropical Indian Ocean.
Following Saji et al. (1999), we use the difference between the
western (TWIO: 10°N-10°S, 50°-70°E) and eastern (TEIO: 10°S—
0°, 90°-110°E) SSTA as an IOD index (DMI, dashed line in Fig.
4b). This time series is related to the anomalous SST gradient
across the equatorial Indian Ocean. As seen from Fig. 4b and
cross-correlation results shown in Table 2, the DMI is generally
consistent with TPC2.

The largest loadings appear in the subtropical region in
the whole basin case (Fig. 3a). However, the IOD pattern is
not present in Fig. 3a. By comparing the two dipole patterns
in Figs 3a and c, we can see that they show the same structure
which displays an out-of-phase relationship between tempera-
ture anomalies north and south of about 25°S in a southwest-
northeast direction. The southwest and northeast centers are
located at (SWIO: 40°-30°S, 50°~70°E) and (SEIO: 25°-15°S, 75°—
105°E), respectively. The pattern correlation coefficient in the
south Indian Ocean between WM2 and SM1 reaches 0.95. The
SSTA pattern displayed here is broadly consistent with the
I0SD that found by Behera and Yamagata (2001). Besides, the
variabilities of WPC2 and SPC2 (Fig. 4a) are also consistent with
each other, with correlation coefficient as high as 0.92 at a con-
fidence level of 99.9% (Table 2). In addition, we have also cal-
culated a subtropical dipole index (SDI) based on the SSTA dif-
ference between the rectangles (SWIO: 40°-30°S, 50°-70°E) and
(SEIO: 25°-15°S, 75°-105°E). The two regions are similar to those
suggested by Behera and Yamagata (2001). Dashed line in Fig.
4a shows the normalized (by the standard deviation) SDI thus
obtained. From Fig. 4 and cross-correlation results shown in Ta-
ble 2, it can be seen that the SDI generally coincides with SPC2
and WPC2. Therefore, the second EOF mode of the whole Indi-
an Ocean SSTA is indeed dominated by the IOSD. This is further
evidenced by the distribution of the standard deviation of SS-
TA in the Indian Ocean (Fig. 5), which shows the largest SST
changes in the southern Indian Ocean, especially in the mid-
latitude band where the western pole of the IOSD is located. It
is instructive to look at the overlying atmospheric circulation
as well. The Southern Hemisphere southeasterly trade wind
stands out as particularly strong in the annual mean (figures not
shown). The much great energy in the southern Indian Ocean
inputted to ocean, which comes from the oscillation of atmo-
spheric activity, contributes to the growth of oceanic variability
there. In addition, there is a weak correlation between PCs/SDI
and Nifio3 index, which has been also mentioned in some pre-
vious literatures (Behera and Yamagata, 2001; Jia and Li, 2005;
Terray and Dominiak, 2005; Feng et al., 2012).

4 Relationship between I0SD and I0D

4.1 Correlation analysis between SPC2 and TPC2

Positive (negative) IOD events are defined in terms of DMI
exceeding one standard deviation above (below) the mean, and
persisting at least for 5 months. Similarly, a positive (negative)
I0SD event is defined when the value of the positive (negative)
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Fig.3. The space distribution of the second EOF mode associated with SSTA in the whole Indian Ocean (WM2) (a), the southern

Indian Ocean (TM2) (b), and the tropical Indian Ocean (SM2) (c).
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Fig.4. The associated time series of the second EOF mode shown in Fig. 3 for the whole Indian Ocean (WPC2, solide line) and the
southern Indian Ocean (SPC2, dot-dashed line) (a), and the tropical Indian Ocean (TPC2, solid line) (b). Dashed lines in Figs 4a and

b show the SDI and DM, respectively.

SDI exceeds one standard deviation, and persisting at least for 5
months. To better assess the potential causal relationships be-
tween the two dipole modes in the Indian Ocean, we calculated
the lead-lag correlations between SPC2 and TPC2. Results are
displayed in Fig. 6. It shows that the largest correlation occurs
when SPC2 leads TPC2 by about 9 months (0.59, significant at
the 99% confidence level according to Student £ -test), implying
a potential strong forcing of the IOSD on the IOD. This result is
consistent with the findings of Liu and Yu (2006). This lead-lag

result indicates the important role of IOSD in the occurrence of
10D.

4.2 Evolution of the SST variability in the Indian Ocean
Figure 6 suggests that the Indian Ocean subtropical SST
variability associated with the IOSD mode is a precursor of the
SSTA dipole pattern in the tropics. In order to confirm this hy-
pothesis, we next identify the characteristic evolutions of the
SSTA in the whole Indian Ocean associated with the IOSD,
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Table 2. Cross-correlation coefficients between the time series
of the second EOF modes of the SST variability in different re-
gions of the WIO (WPC2), the SIO (SPC2), the TIO (TPC2), south
Indian Ocean subtropical dipole index (SDI), tropical Indian
Ocean dipole index (DMI) for the 1958-2010 period

WPC2 SPC2 TPC2
SPC2 0.92
SDI 0.87 0.90
DMI 0.75

Note: Only the values significant at 99.9% confidence level are

shown.
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Fig.6. Lead-lag correlation between TPC2 and SPC2.
TPC2 lags SPC2 for positive values. Dashed lines show
95% confidence level.

by calculating the lead-lag correlations between the SSTA and
SPC2 from lags 0 up to 9 months.

By inspecting the lag correlation spatial patterns of the SS-
TA with SPC2, as shown in Fig. 7, it can be noted that the IOSD
pattern can sustain itselves several months after its peak (i.e., at
Lag +-0). The negative correlations cover a large area in the east-
ern Indian Ocean extending southward off Australia, northward
into the equatorial region. The positive correlations are found
to the southeast of Madagascar. About 6 months after the peak,
negative value disappears and positive value is established in

the SEIO region (i.e., at Lag +6). However, the positive value in
the SWIO region sustains for a longer time, till Lag +9. On the
other hand, an obvious dipole structure in the tropical Indian
Ocean, with positive and negative correlations in the TWIO and
the TEIO, respectively, can be clearly recognized 6 months af-
ter the peak of the IOSD. It peaks at about 8-9 months lag. This
time-spatial evolution of the correlation maps again indicates
that if a positive (negative) IOSD event happens in the southern
Indian Ocean, there may be a positive (negative) IOD event oc-
curs in the tropical Indian Ocean, which peaks 9 months after
the mature phase of the IOSD. The correlations in the tropical
region shown in Fig. 7 are relatively small although they are sig-
nificant. The small values imply that subtropical SST forcing as-
sociated with the IOSD is just one of the factors that contribute
to interannual variations in the tropical Indian Ocean.

As we know from the lead-lag correlation analysis that the
IOSD can lead to the IOD, it is possible that some of the IOD
events are excited after the IOSD event. To further verify the
evolutional relationship between the I0SD and 10D, we have
also performed a composite analysis. As mentioned, the IOD
events usually begin to develop in boreal late spring and ear-
ly summer, peaking during fall, whereas the IOSD events reach
a maximum in boreal winter and are phase locked to the an-
nual cycle (e.g., Behera and Yamagata, 2001). Therefore, it is
suitable to examin seasons from boreal late winter to autumn
in order to identify physical fields that set the stage for the IOD
occurrence. Based on the above correlation analysis, January or
February seems to be a relevant starting point for the SST com-
posite analyses. January or February SSTA will provide infor-
mation on what happens, 9-10 months before the IOD events.
We include all the IOSD events with mature phase in the aus-
tral summer to obtain clear composites. Identified by the SDI,
we find 6 positive (1961, 1972, 1976, 1982, 2006, 2007) and 8
negative (1958, 1959, 1964, 1970, 1973, 1980, 1992, 1996) dipole
events over the analysis period 1958-2010. The event year here
refers to the year when the IOSD event reaches its peak in the
beginning of the year. We show, in Figs 8 and 9, those compos-
ites of the SSTA for the positive and negative dipole events, re-
spectively.

We firstly focus on examining the positive event. The time
evolution of the SSTA in the entire Indian Ocean depicted in Fig.
8 is similar to the result of the lag correlation analysis shown
in Fig. 7. The SSTA structure during the boreal winter has a
southwest-northeast orientation in the southern Indian Ocean.
The SSTA amplitude in the western pole is much larger than
that in the eastern pole, which is consistent with that noted by
Qian et al. (2002). This IOSD pattern maintains through boreal
spring, though it decays as time progresses. The amplitude of
SSTA in both poles gradually becomes smaller. Cold SSTA in the
southeastern Indian Ocean has considerably weakened and the
sign reveres from June, whereas the positive SWIO SSTA in the
SWIO region tends to persist and slowly extends eastward.

On the other hand, in the tropical region, the cold SSTA in
the eastern tropical Indian Ocean starts to develop from June.
These anomalies then intensify rapidly, which is an indication
that the local air-sea interactions have become active in grow-
ing the equatorial SSTA. By October-November, the IOD reach-
es its peak; a large-scale cooling in the eastern tropical Indian
Ocean and warming in the western tropical Indian Ocean are
well developed. The strongest cooling is south of equator
trapped to the Sumatra-Java coast. The warm SSTA in the west-
ern tropical Indian Ocean appears on both sides of the equator
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Fig.7. Lead-lag correlation maps between the SSTA and SPC2 from lag 0 months to lag9 months. Correlation coefficients significant
at the 95% confidence level according to a Student ¢ -test are shaded. Positive lags indicate that the SPC2 leads the SSTA.

with maximum over (55°~70°E), and stretches in a northwester-
ly direction from the western tropical Indian Ocean toward the
western side of Australia.

The reverse occurs when the negative dipole events take
place. By comparing Figs 8 and 9, we can see that the compos-
ite for the negative dipole events shows a similar evolution with
the positive one, except with the opposite sign. The composite
study confirms a strong association of the IOD with the IOSD.

It is interesting to note that, from May on, as the season
evolves, the SSTA in the SWIO starts to extend eastward, and
reaches as far as 110°E by October, though the amplitude of it
decays gradually, which may contribute to stretching of the IOD
western pole by the mature phase in a northwest-southeastori-
entation (Figs 8 and 9). The feature of eastward extending of
the western pole with time after the IOSD peak is also noted
by Suzuki et al. (2004) from their model outputs. There is dif-
ference from our present study. The IOSD simulated by Suzuki
et al. (2004) peaks in December-January, and the western pole
only persists for 4 months from January to April. However, the
results in this paper suggest that the SSTA in the western pole
persists extending eastward for about 8-9 months from bore-

al late winter to early fall. In addition, different from results of
Suzuki et al. (2004), in the present study, the SSTA with the neg-
ative sign in the SEIO disappears in June and is replaced by the
positive value which becomes warmer and warmer thereafter.
The remarkable feature of the long persistence of the SSTA
in the SWIO region associated with the IOSD presented in Figs
7-9 suggests that it may be a key factor to force the zonal SS-
TA dipole in the tropical Indian Ocean. In the next section, we
will examine the overlying atmospheric variability to verify this
hypothesis and understand the possible mechanism.

4.3 Possible mechanisms of the 10SD triggering IOD

To explore the possible mechanisms of the IOSD trigger-
ing IOD event, we show in Figs 10-11 the lag correlation maps of
overlying atmosphere fields on the SPC2. Figure 10 displays the
lag correlations between 850 hPa wind, net heat flux and SPC2,
and Fig. 11 shows that of the mid-troposphere (500 hPa) vertical
velocity and top-troposphere (200 hPa) wind vector.

Seen from Fig. 10, during the mature phase of the posi-
tive IOSD (i.e., at Lag +0), when the SWIO and SEIO regions are
dominated by the positive and negative SSTAs, respectively, the
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Fig.8. Monthly composites of SSTA from February to October for positive IOSD event followed by positive IOD event years over
1958-2010. Counter interval is 0.15°C. Shaded denotes values exceeds 95% confidence level.

overlying atmosphere is characterized by the intensifying of the
Mascarene high. This suggests the atmosphere-to-ocean forc-
ing.

After the peak of IOSD, over the SEIO region, northwester-
ly anomalies are generated under the forcing of the underlying
cold SSTA (Lag +1), weakening the climatological southeasterly
winds. Consequently, the weaker-than-normal wind results in
smaller-than-normal ocean-to-atmosphere surface heat fluxes
by reducing the latent heat flux due to a weakened evaporation.
Therefore, the wind-evaporation-SST feedback mechanism of
Xie and Philander (1994) is responsible for the rapidly decaying
of the cold SSTA. A few months later, the positive SSTA is estab-
lished (see after Lag +6). The positive net heat flux anomalies
(ocean gains heat) in this region shown in Fig. 10 support this
hypothesis.

Conversely on the SWIO region, as mentioned in the pre-
vious section, the positive SSTA sustains for several month-
s after the peak of positive I0OSD, with the amplitude gradual-
ly decaying. What is the possible mechanism? It can be seen
from Fig. 11 that, the negative omega anomalies (anomalous
ascent) are observed at 500 hPa from Lag +1 to Lag +3, indi-
cating the increasing of the cloud cover and decreasing of the
downward solar radiation there. As a result, a negative net heat
flux is observed during this period (Fig. 10), favoring for the de-
caying of the positive SSTA. However, from Lag +4 to Lag +7,
the net heat flux in the air-sea interface increases due to the de-
creasing of the wind speed, hindering the positive SSTA becom-
ing smaller. It is this positive wind-evaporation-SST feedback
mechanism that makes a long persistence of the positive SSTA
in the SWIO. During the long period from Lag +1 to Lag +9, a
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cyclonic circulation develops in the southwestern Indian Ocean
around 30°S, which is expected to be generated by the underly-
ing warm SSTA forcing (Fig. 10). This is in agreement with a
linear quasi-geostrophic theory that a low pressure anomaly is
generated near the warm SSTA (Terray et al., 2007). The cyclonic
circulation at 850 hPa appears as response to the low pressure.
We have mentioned in the previous paragraph that the positive
SSTA in this region can extend eastward as time processes. The
overlying anomalous cyclone driven by this SST variation also
gradually spreads toward the east. It strongly weakens the sub-
tropical Mascarene high. Consequently, the circulation over the
Arabian Sea responds to the pressure difference between the
Mascarene high and the monsoon trough in the tropical Indian
Ocean. As a result, an anticyclone develops over Arabian Sea-
India. The equatorial westerly wind in the northwestern Indian
Ocean weakens after Lag +3. An anomalous easterly appears
along the equatorial Indian Ocean, which is essential to the oc-

100°

currence of the IOD event. Therefore, these long persistent sub-
tropical SSTA in the western pole of the IOSD establishes the
strong atmosphere circulation in the equatorial Indian Ocean to
initiate the tropical SSTA, by forcing the Mascarene high. This is
further evidenced by lead-lag correlations between Mascarene
high index (MHI, defined as the sea level pressure averaged in
the region (35°-25°S, 40°-90°E)) and SPC2, shown in Fig. 12. The
positive relationship between the MHI and the SPC2 before the
I0OSD peaks demonstrates that the Mascarene high is one forc-
ing factor of the IOSD, which has been mentioned in previous
studies (e.g., Venegas et al., 1998; Goddard and Graham, 1999;
Behera and Yamagata, 2001; Reason, 2001, 2002). However, after
the mature phase of IOSD, there are significant negative correla-
tions between MH and SPC2, MH weakens during the decaying
phase of the positive IOSD. This indicates that the atmosphere
responses to the underlying ocean temperature.

Fig.9. Same as Fig. 8, but for four negative SIOD event followed by negative IOD event years over 1958-2010.
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Fig.10. Lead-lag correlation maps of net heat flux anomaly (contour, positive heat flux anomaly means ocean gains heat), with
shaded denoting values significant at the 95% confidence level according to a Student ¢ -test, and 850 hPa wind (vector) with SPC2
from lag 0 months to lag 9 months. Positive lags indicate the SPC2 leads the net heat flux anomaly and wind.

The cooling of the eastern pole of IOD begins to devel-
op at Lag +5 and grows in the following season (Lag +6 to Lag
+9). At the same time, the high pressure appears in the mid-
eastern equatorial Indian Ocean, due to the forcing of the cold
SSTA. The southeasterly wind associated with this high pressure
off Sumatra coast acts to intensify the background wind, be-
cause the surface mean wind in this area is southeasterly. This
leads to more latent heat loss and oceanic upwelling process.
As a result, the eastern tropical Indian Ocean SSTA becomes
cold further under the forcing of wind-thermocline-SST feed-
back and the wind-evaporation-SST feedback.

Meanwhile, a zonal structure is observed along the equa-
torial Indian Ocean (Figs 10 and 11, from Lag +6 to Lag +9).
Negative omega anomalies (anomalous ascent) are observed at
500 hPa over the western tropical Indian Ocean. At the same
time, there are positive omega values (anomalous subsidence)
over the eastern Indian Ocean-western Pacific. The signifi-
cant easterly wind anomalies along the equatorial Indian Ocean
at 850 hPa and westerly at 200 hPa are dynamically consisten-
t with this zonal circulation. The easterlies along the equator

associated with the anticyclone in the northern Indian Ocean
contribute to the prominent of the tropical easterly wind. As
a result, the warm water from the eastern Indian Ocean war-
m pool accumulates to the western Indian Ocean under the
forcing of the tropical easterly winds. Again, the cold SSTA in
the eastern Indian Ocean can reduce the atmospheric convec-
tion and rainfall as suggested by the significant positive omega
anomalies at 500 hPa between Indo-China Peninsula and Aus-
tralia (Fig. 11, Lag +6 to Lag +9). This further enhances the
mean southeasterly flow off Sumatra which, in turn, reinforces
the underlying cold SSTA. Thus, forced by the air-sea coupled
system, the SSTA in the tropical Indian Ocean depicts the ap-
pearance of an IOD event with an anomalous SST gradient and
strong easterly wind anomalies. In addition, we have calculated
the composite maps of the wind field (figures not shown), which
also show a similar pattern with the lag correlation results. It
is well worth to emphasizing again that this IOD evolution oc-
curs, to a great extent, associated with the positive IOSD about
9 months before.
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Fig.11. Lead-lag correlation maps of 500 hPa vertical velocity (contour) and 200 hPa wind (vector) with SPC2 from lag 1 months to
lag 9 months. Correlation coefficients between 500 hPa vertical velocity and SPC2 significant at the 95% confidence level according
to a Student ¢-test are shaded. Positive lags indicate the SPC2 leads the wind fields.
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Fig.12. Lead-lag correlation between Mascarene high
index (MHI) and SPC2. MHI lags SPC2 for positive val-
ues. Dashed lines show 95% confidence level.

5 Summary and conclusions
In this paper, the signals of interannual variability of the

Indian Ocean in the different regions have been extracted from
the monthly SST by carrying out the EOF analysis. The results
suggest that the first modes are all basin modes in different re-
gions, which are associated with the ENSO. The IOSD mode is
the second mode of the SST variability both in the southern In-
dian Ocean and over the entire basin. However, the IOD mode
only presents when the EOF analysis is conducted in the trop-
ical region. It does not appear when the EOF analysis is ap-
plied in the whole Indian Ocean Basin. This is because the
large-open southern Indian Ocean can obtain much more en-
ergy from the overlying atmosphere, which makes the oceanic
variability much more active.

The lead-lag correlation analysis reveals that the I0OSD
event during boreal winter is one of potential forcing factor for
the growth of the IOD event peaked in the following boreal fall.
To clarify the physical processes of the IOSD exciting the IOD
event during its decay phase, the composite fields of SSTA and
lag correlations of air-sea variability on IOSD over the Indian
Ocean were examined. Figure 13 shows the schematic dia-
grams of the possible physical process that the positive IOSD
event exits the positive IOD event. The results suggest that the



FENG Jungiao et al. Acta Oceanol. Sin., 2014, Vol. 33, No. 1, P. 64-76 75

SST anomalies in the western pole of the IOSD persist and slow-
ly propagate eastward through the subsequent spring, summer
and fall, providing a prolonged impact on the atmosphere cir-
culation of the Indian Ocean. The positive wind-evaporation-
SST feedback mechanism is responsible for sustaining these
SST anomalies. Forced by these positive (negative) SST anoma-
lies, the overlying Mascarene high weakens (intensifies). As a
result, an anticyclone (a cyclone) develops over Arabian Sea-
India, responding to the increased (decreased) pressure differ-
ence between the Mascarene high and the monsoon trough in
the tropical Indian Ocean. The equatorial westerly wind in the
northwestern Indian Ocean weakens (enhances) after boreal
late spring. The anomalous easterly (westerly) appears along
the equatorial Indian Ocean, which is essential to the occur-
rence of the positive (negative) IOD event. Therefore, theselong
persistent subtropical SST anomalies in the western pole of the
I0SD establish a strong atmosphere variation in the equatori-
al Indian Ocean to initiate tropical SST anomalies, by forcing
the Mascarene high. In one word, during the decay phase of a
positive (negative) IOSD, the Mascarene high weakens (intensi-
fies), which can then induce a positive (negative) IOD develop-
s in tropical by exciting the equatorial easterly (westerly) wind
through air-sea teleconnection. The occurrence of IOSD and
10D can be linked in sequence by the variations of Mascarene
high. This is another kind of atmosphere bridge mechanism,
but this bridge links the two dipole modes in the tropical and
subtropical Indian Ocean.

120°E

30° 45° 60° 75° 90° 105°
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45°

Fig.13. Schematic diagrams showing the circulation
anomalies associated with the positive IOSD event that
triggering the positive IOD event. Red and blue shaded
areas indicate positive and negative SSTAs, respective-
ly. Solid lines indicate the anomalous circulation at 850
hPa, and heavy arrows represent anomalous wind direc-
tions. “C” and “AC” indicate cyclonic and anticyclonic
circulation anomalies, respectively.

This study shows that the IOD can be an extratropical-
excited mode of the tropical Indian Ocean variability and also
suggests that the decay of the IOSD can lead to the onset of IOD
with the aid of atmosphere circulation. The role of the south-
western Indian Ocean SSTA during the decay phase of IOSD in
triggering and reinforcing the equatorial easterly, which gives
rise to the formation of 10D, is an important finding of the
present study, since it implies that the SWIO SSTA associated
with the IOSD event is a significant precursor of the IOD. This
connection appears to be at work during 1960/1961, 1971/1972,

1975/1976, 1981/1982, 2005/2006, 2006/2007, which are all pos-
itive IOSD events and followed by positive IOD events; and dur-
ing 1957/1958, 1958/1959, 1963/1964, 1969/1970, 1972/1973,
1979/1980, 1991/1992, 1995/1996, which are all negative I0S-
D events and followed by negative IOD events. The above re-
sult is based on the statistical analysis of observations and re-
analysis data. The numerical experiments should be conducted
to investigate the details of the dynamic and thermodynamic
processes, especially in point of view of quantity, in the further
study.
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